The crystal structures of four alkali salts of maleic acid have been determined by single crystal X-ray diffraction: crystals of rubidium hydrogen maleate, RbH(C 4 H 2 O 4 ), are very nearly centrosymmetrical, i. e., only one hydrogen atom position in the crystal structure violates the centrosymmetry. Thus, the space group is Pbc2 1 rather than Pbcm. The compound is isotypic with potassium hydrogen maleate, KH(C 4 H 2 O 4 ), which has previously been described in space group Pbcm. It has been reinvestigated to prove that the correct space group is also Pbc2 1 . The isotypic pair of rubidium hydrogen maleate maleic acid, RbH(C 4 H 2 O 4 ) H 2 (C 4 H 2 O 4 ), and caesium hydrogen maleate maleic acid, CsH(C 4 H 2 O 4 )H 2 (C 4 H 2 O 4 ), crystallise in the triclinic space group P1. The geometry of the maleate units in these compounds corresponds well to data of other metal maleates. The only significant variation, concerning the intra-anionic hydrogen bond, is discussed. Furthermore, an overview of previously reported metal maleate structures is given, with special regard to the symmetry of the intramolecular hydrogen bond.
Introduction
In the past, we have extensively studied various metal carboxylates, such as succinates [1] , malates [2, 3] and adipates [4] . Recently, we extended these studies to the family of maleates. Although a search in the literature as well as in data bases (CSD [5] , PC-PDF [6] ) has shown that a rather large number of metal salts of maleic acid have been described in the past (Table 1) , some possible combinations remain unreported. In this paper, several new alkali metal maleates are presented: rubidium hydrogen maleate, RbH(C 4 Additionally, we have reinvestigated the crystal structure of potassium hydrogen maleate, KH(C 4 H 2 O 4 ), referred to as KHMal, which had previously been reported to crystallise in the centrosymmetric space group Pbcm by Darlow and Cochran [12] . Because the unit cell parameters are very similar to those of RbHMal, suspicion arose that its crystal structure might also be non-centrosymmetric, and a redetermination of the crystal structure was necessary to solve this problem. More generally, we have investigated the ques-0932-0776 / 09 / 0500-0517 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tion of symmetry of the maleate units in other salts of maleic acid.
Results and Discussion

Structure of RbHMal and KHMal
The determination of the atomic arrangement of RbHMal initially yielded a centrosymmetric crystal structure (the apparent space group being Pbcm). In this space group, however, the maleate molecule would be symmetrical, with the hydrogen atom of the intraanionic hydrogen bond being virtually in the middle between the two oxygen atoms (possible symmetries of the maleate molecule are shown in Fig. 1 ). Albeit such a symmetrical molecular structure is possible by a symmetric hydrogen bond or by disorder (disorder has been reported previously; see below), a refinement in the lower symmetric space group Pbc2 1 (without a centre of symmetry), resulted in a model that agreed better with the experimental data. Furthermore, the oxygen and carbon atoms could be shown to deviate slightly but significantly from their respective centrosymmetric positions of the space group Pbcm. Moreover, the difference between the C-O distances in the acid group and the mesomeric carboxylate obviously confirm the lower symmetry (Fig. 2) . Fig. 1 . The hydrogen maleate anion with its intramolecular hydrogen bond. When the hydrogen atom is considered to be located in the middle (or is not there at all, i. e., in the maleate dianion), the molecule can assume point symmetry mm2 (C 2v , a), or just m (C s ), with the mirror plane perpendicular to the molecular plane (b). This conformation can be conceived as a result from slight rotations about the C1-C2 and C3-C4 bonds in opposite directions. With the hydrogen atom off-centre, the molecule can still assume symmetry m (C s ), with the molecule in the mirror plane (c). Another possibility is point symmetry 2 (C 2 ), if the C1-C2 and C3-C4 bonds are rotated in the same direction (d). In most cases, however, the symmetry is 1 (C 1 ) because of slight deviations from the ideal symmetry (e). Figs. 1 to 5 were drawn with the programme DIAMOND [48] .
Since only minuscule deviations and one hydrogen atom violate the alleged centrosymmetry of the crystal structure, both statistical checks of the structure factors using the programme COLLECT [35] , and the final symmetry check with the programme PLA-TON [36] recommended the centrosymmetric space group. Nevertheless, the electron density calculated from the Fourier maps clearly showed that the hydrogen atom is located off-centre on one side of the molecule. 
. Note: Scattering factors for neutral atoms were employed in the refinement. When comparing the unit cell parameters of RbHMal with those of potassium hydrogen maleate [14] , the relation of these two structures becomes easily apparent. However, Darlow and Cochran reported space group Pbcm. This is plausible since the photographic methods used in that investigation were then of limited accuracy, and the detection of one hydrogen atom in a crystal with potassium is not always possible even with high-resolution CCD detectors, and even less so with film data. In a second paper by Darlow [37] , calculations on the geometry of the symmetric hydrogen maleate ion were made, but without any new experimental input, based on the data of the previous paper. Other attempts to generally clarify the question of the symmetry of hydrogen maleate were ambiguous: James and Matsushima [38] investigated hydrogen maleate ions in a "symmetric environment" in the crystal structure of imidazolium hydrogen maleate and concluded that the "intramolecular hydrogen bond may possibly be symmetric". However, we assumed that both the rubidium and the potassium salt might be isostructural. Therefore, we reinvestigated the crystal structure of KHMal. A refinement of the data, starting with the initial parameters from RbHMal gave good agreement. Again, the electron density between the carboxylate oxygen atoms showed an off-centre peak at the same spot where the hydrogen atom is located in RbHMal. As in RbHMal, a refinement in the centrosymmetric space group Pbcm yielded higher R values and larger displacement parameters. In addition, a Kurtz and Perry test [39] using a Nd:YAG laser in our laboratory resulted in a weak but significant generation of the second harmonic of the pumping laser light. We therefore have strong evidence for the assumption that Pbc2 1 is the correct space group also for KHMal. For both compounds, the Flack parameters [40] confirm that the non-centrosymmetric crystal structure is correct. The crystal data, details of the measurements and the refinements of all title compounds are given in Table 2 . The atomic coordinates and the equivalent isotropic displacement parameters (according to [41] ) are listed in Table 3 , the anisotropic displacement parameters have been deposited. Selected interatomic distances and calculated bond valence sums are given in Tables 3 and 4 , and the hydrogen bonding systems are listed in Table 5 . Observed and calculated structure factors are available from the authors.
The packing of the components in the crystals resembles a herring bone-like arrangement (Fig. 3a) . The cations are irregularly 8-coordinated, the K-O distances are ranging from 2.816(3) to 3.030(4)Å and the Rb-O distances from 2.919(4) to 3.180(7)Å, equivalent to bond valence sums of 1.016 and 1.065 (Table 4) . Bond valence calculations were carried out using the parameters from [43] . The M-O polyhedra are packed to form layers parallel (001), which are in turn connected by the anions to a three-dimensional framework (Fig. 3b) .
Structure of RbH 3 Mal 2 and CsH 3 Mal 2
The packing in the isotypic structures of the acid salts RbH 3 Mal 2 and CsH 3 Mal 2 (Fig. 4) is different from that in RbHMal and KHMal: All anions and acid molecules are oriented more or less parallel to [0 11], resulting in a sheet-like arrangement (Fig. 5) , with the alkali metal cations in the interstices. There are two crystallographically different moieties in the structure, one being a molecule of maleic acid, the other a mono-deprotonated unit, i. e., a hydrogen maleate Table 6 . Selected bond lengths (inÅ) and bond angles (in deg) of the title compounds in comparison with the corresponding mean values of other metal maleate compounds, with estimated standard deviations in parentheses. The mean values were calculated from all the structures listed in Table 1 . anion (Fig. 4) . The large alkali metal cations are irregularly 9-coordinated with Rb-O distances varying from 3.045(2) to 3.293(2)Å and Cs-O distances from 3.191(2) to 3.353(2)Å, which gives bond valence sums of 0.82 and 0.92, respectively, indicating slight undersaturation. These polyhedra form chains along [100] and are connected to a three-dimensional framework via the organic components.
Geometry of the molecules
In contrast to other four-carbon dicarboxylic acids (such as malic or succinic acid), the maleate molecule is a rather rigid unit: Because of the π bond, the carbon atoms of the backbone lie very nearly in one plane (torsion angles of the title compounds are given in Table 6). Through the intra-anionic hydrogen bond, the carboxylate groups of the acid salts are also situated in or close to this plane. The geometry of the maleate units in the title compounds corresponds quite well to literature data (Table 6 ), although the lengths of the C-C single bonds in KHMal and RbHMal deviate significantly. Nevertheless, the distance showing the highest variation among all the metal maleate structures concerns the intra-anionic hydrogen bond of the hydrogen maleate unit. In some compounds, this hydrogen bond is reported as nearly or even truly symmetrical, in others the hydrogen atom clearly lies on one side of the anion, making "donor" and "acceptor" distinguishable ( Fig. 1) . The highest possible point group symmetry of the molecule, mm2 (C 2v ), has not been found yet in any of the reported compounds, the most frequently observed symmetry is 1 (C 1 
Conclusion
Through the description of the new hydrogen maleate RbHMal, the true crystal and molecular symmetry of the previously reported salt (KHMal) was discovered. When examining these crystal structures with less sensitive methods, one would easily assign space group Pbcm, as did the programmes commonly used for checking the correctness of structure determinations. Since most of the metal maleate structures have been investigated many years ago, when modern detectors were used only rarely or not at all, it is possible that some of the other compounds listed in Table 1 were published with the wrong space group. More precisely, those where the hydrogen maleate anion is reported to be symmetric could be concerned. Additionally, it is possible that static or dynamic disorder concerning the intramolecular hydrogen bond of the hydrogen maleate anion occurs as well as twinning of the two different states, thus pretending a higher symmetry of the crystal structure. We are currently conducting a systematic analysis of these hydrogen maleates in order to verify their structures.
Experimental Section
Syntheses
All crystals were obtained by slow evaporation of aqueous solutions of the compounds at approximately 295 K over a period of several weeks. All crystals were colourless and up to 0.5 mm in size. The solutions were prepared by dissolving the carbonates [K 2 CO 3 (Fluka, 99.0 %), Rb 2 CO 3 (Chemetall, 99.99 %), Cs 2 CO 3 (Chemetall, 99.99 %)] in aqueous solutions of maleic acid (Merck, 99.0 %) in stoichiometric ratio of the constituents.
X-Ray structure determinations and refinement
The samples were studied under a microscope, and small crystals (average sizes 0.05 mm) were chosen for singlecrystal analysis. The crystals were cut to approximately isometric dimensions and carefully washed with acetone to remove fragments from the surface.
Single-crystal X-ray intensity data were collected at 293 K on Bruker-Nonius diffractometers equipped with CCD area detectors using graphite-monochromatised MoK α radiation (λ = 0.71073Å). For all compounds, the whole Ewald spheres were measured, using multiple sets of ϕ and ω scans. The intensity data were processed with the Bruker-Nonius programme suites COLLECT [35] and SAINT-Plus [44] and corrected for Lorentz, polarisation, background and absorption effects [44, 45] . The crystal structures of the rubidium compounds were determined by automatic Patterson methods and subsequent Fourier and difference Fourier syntheses, followed by full-matrix least-squares refinements on F 2 [46] . Although the structures contained rather heavy atoms, all the hydrogen atoms could be located in the difference Fourier maps and refined freely without problems. For RbHMal, another refinement attempt was made in the higher-symmetric space group Pbcm, but the R values were slightly higher, and the acid hydrogen atom could not be refined without problems. Using anisotropic treatment of the non-hydrogen atoms and unrestrained isotropic treatment of the hydrogen atoms, the refinements converged at R values between 0.026 and 0.029.
For the refinement of the crystal structure of the caesium compound, the parameters from RbH 3 Mal 2 were taken as initial values which proved to fit very well. Similarly, the crystal structure of KHMal was refined using initially the parameters of RbHMal. In the latter case, however, another refinement attempt was then made in the centrosymmetric space group Pbcm, which proved to be less successful.
In addition to the single crystal analyses, powder diffraction data were collected for the title compounds (Fig. 6) . Although single-crystal data are superior as far as determination and refinement of the structural parameters (atomic positions and displacement parameters) are concerned, more accurate lattice parameters were obtained from the powder data by means of the Rietveld method [47] . Powder data were collected at r. t. on a Philips PW3020 X-ray powder diffractometer with Bragg-Brentano geometry. The powder patterns were submitted to the Powder Diffraction File [6] .
CCDC 661288 (CsH 3 Mal 2 ), 661289 (KHMal), 661291 (RbH 3 Mal 2 ), 661292 (RbHMal) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
